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Abstract: Multicolor labeling of biological samples with large volume is required for omic-level
of study such as the construction of nervous system connectome. Among the various imaging
method, two photon microscope has multiple advantages over traditional single photon microscope
for higher resolution and could image large 3D volumes of tissue samples with superior imaging
depth. However, the growing number of fluorophores for labeling underlines the urgent need for an
ultrafast laser source with the capability of providing simultaneous plural excitation wavelengths
for multiple fluorophores. Here, we propose and demonstrate a single-laser-based four-wavelength
excitation source for two-photon fluorescence microscopy. Using a sub-100 fs 1,070-nm Yb:fiber
laser to pump an ultrashort nonlinear photonic crystal fiber in the low negative dispersion region,
we introduced efficient self-phase modulation and acquired a blue-shifted spectrum dual-peaked
at 812 and 960 nm with 28.5% wavelength conversion efficiency. By compressing the blue-shift
near-IR spectrum to 33 fs to ensure the temporal overlap of the 812 and 960 nm peaks, the
so-called sum frequency effect created the third virtual excitation wavelength effectively at
886 nm. Combined with the 1,070 nm laser source as the fourth excitation wavelength, the
all-fiber-format four-wavelength excitation source enabled simultaneous four-color two-photon
imaging in Brainbow AAV-labeled (TagBFP, mTFP, EYFP, and mCherry) brain samples. With
an increased number of excitation wavelengths and improved excitation efficiency than typical
commercial femtosecond lasers, our compact four-wavelength excitation approach can provide
a versatile, efficient, and easily accessible solution for multiple-color two-photon fluorescence
imaging in the field of neuroscience, biomolecular probing, and clinical applications with at least
four spectrally-distinct fluorophores.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The brain exhibits one of the most complex morphology owing to the intricate intraneuronal
interactions between billions of neurons. Investigation in such a complex system has been
relied upon multicolor fluorescence imaging and various biomarkers, providing distinct spectral
information according to cell features. Moreover, simultaneous multicolor labeling with more
than three colors has been increasingly used to gain more comprehensive insights in brain studies.
For example, Brainbow is a multicolor labeling technique based on three or four fluorescent
proteins (FPs) for mapping neuronal connectivity by creating hundreds of hues to achieve
single-cell labeling [1-3]. In addition, multi-color imaging were also used for various application
such as four-color imaging for functional imaging with genetically encoded calcium indicators
[4], six-color labeling for characterizing cellular interaction [5], and ten-color immunostaining
for an alternative approach to study neural network [6].
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The increasing number of fluorescent tags for labeling has led to challenges for imaging systems,
particularly for two-photon microscopy that requires expensive and bulky solid-state lasers with
laborious maintenance. To implement two-photon fluorescence microscopy (TPFM), which
mitigates serious background noise and the risk of out-of-focus photobleaching in single-photon
microscopy [7—-10], a wavelength-tunable Ti—sapphire (Ti:S) femtosecond oscillator has often
been used to excite multiple fluorescent tags sequentially [11]. However, during wavelength
tuning and repetitive scanning, the long scanning duration may lead to sample instability [12,13];
sequential excitation is also incompatible for fast event functional studies [14]. Therefore,
there is an urgent need to develop a source that can simultaneously provide multiple excitation
wavelengths for TPFM.

Nevertheless, unlike the rapid progression of multicolor labeling, the existing simultaneous
multicolor excitation source can only provide three excitation wavelengths by means of either
nonlinear optics [15] or fiber technologies [16,17]. For example, Mahou et al. earlier attempted
to introduced sum-frequency generation (SFG) from a Ti:S laser and a synchronized optical
parametric oscillator (OPO) with an additional delay control to create the third virtual excitation
wavelength [15]. This system has contributed to three-XFP based Brainbow imaging; it had also
been adopted for simultaneous five-color and six-color fluorescence imaging [18]. However, this
multi-laser-based excitation system has limited capacity to efficiently excite all the five or six
fluorophores; the system also compromised on using two red FPs (tdTomato and mCherry) with
spectrally-close two-photon absorption (TPA) spectra to achieve four-color imaging.

To address the issue of size and cost of the multi-laser-based system, Wang et al. had generated
three wavelengths at 775, 864, and 950 nm by using nonlinear crystals to double the frequencies
of an energetic Er:fiber laser and red-shift frequencies from a large-mode-area photonic crystal
fiber (PCF) [16]. Another approach with improved system simplicity used a highly nonlinear
PCF (HNPCF) to generate 750, 1,030, and 1,230 nm by Cherenkov radiation (CR) and soliton
self-frequency shift (SSFS) [17]. These inspiring approaches with simultaneous three excitation
wavelengths, however, exhibit limited performance when adopting more than three fluorescent
tags with spectrally distinct TPA spectra. For example, the adeno-associated virus based four-XFP
Brainbow (Brainbow AAV), which has the broadest TPA range among the Brainbow series and
wide applicability to various tissues and species [2], remains unavailable in TPFM due to its
spectrally distinct TPA peaks approximately located at 810 [19,20], 870 [19,20], 970 [19,20], and
1,080 nm [19,20] for blue, cyan, yellow, and red FPs, respectively. Therefore, a four-wavelength
excitation source is required to obtain the highest amount of color information. As a result,
it poses a great challenge to femtosecond light source development with a minimum of four
excitation wavelengths for simultaneous greater-than-or-equal-to four-color imaging in TPFM.

In this paper, we report the development of a femtosecond four-wavelength excitation source
for TPFM. Using a 1,070-nm Yb:fiber femtosecond laser to pump a HNPCF with a length shorter
than the soliton fission length, self-phase modulation (SPM) [21] in the weak negative dispersion
region created a blue-shifted spectrum dual-peaked at 812 and 960 nm. By compressing the
blue-shift near-IR spectrum to 33 fs to ensure the temporal overlap of the 812 and 960 nm peaks,
the SFG effect created the third virtual excitation wavelength [15] at 886 nm. Combined with the
1,070 nm pumping source, the four-wavelength excitation source enabled simultaneous four-color
imaging of Brainbow AAV-labeled ex-vivo brain samples expressing four spectrally distinct FPs:
blue TagBFP, cyan mTFP, yellow EYFP, and red mCherry. Our demonstration combining the
merit of additional virtual SFG wavelength effect and compactness of fiber-enabled SPM serves as
a firstly proposed strategy, to the best of our knowledge, for designing a multi-spectral excitation
source based on one laser. The simple and efficient fiber-format approach with simultaneous four
excitation wavelengths would also support the wide applicability of the TPFM imaging not just
of four-XFP based Brainbow AAV but also other multicolor visible fluorescent tags.
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2. Materials and methods

2.1.  Experimental setup of the four-wavelength excitation source, two-photon excitation
spectroscopy and two-photon fluorescence microscopy

Figure 1 depicts the four-wavelength excitation source. The pumping source for SPM-enabled
blue-shifting was a Yb:fiber laser (Fidelity-2, Coherent) emitting 48 fs pulses (assuming a
Gaussian shape) centered at 1,070 nm with a 70 MHz repetition rate. SPM-enabled wavelength
conversion was implemented by coupling the femtosecond pulses into a 6.5 mm HNPCF (SC-5.0-
1040, NKT Photonics) with a zero-dispersion wavelength of 1,040 nm using an aspheric lens
(A375TM-C, Thorlabs) and a manual three-axis stage (MAX350D, Thorlabs). Both end facets of
the HNPCF were collapsed to mitigate laser-induced degradation. Wavelength conversion was
then optimized by power regulation provided by a half-wave plate and a polarizing beam splitter. A
customized bandpass filter (BPF) was applied to select a wavelength range of 750—1,000 nm from
the HNPCF-output. The filtered HNPCF-output pulse and the 1,070 nm pulse were respectively
pre-chirped by a grating pair compressor (Fig. 1(b)) and a prism pair compressor (Fig. 1(c)) before
being combined by a short-pass dichroic mirror. The HNPCF-output pulse will be compressed
and serve as a three-wavelength (TW) excitation pulse, including 812, 886, and 960 nm, for
further studies on excitation performance, and will be combined with the 1,070 nm pulse for the
demonstration of simultaneous four-color excitation in TPFM. The laser spectrum and the pulse
width were measured by a laser spectrometer (WaveScan, APE GmbH) with a 500-1,600 nm
detection range and an intensity autocorrelator (AC-100ps, UVisIR), respectively.
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Fig. 1. (a) System schematic of the four-wavelength excitation source. HWP: half-wave plate;
PBS: polarizing beam splitter; L: lens; BPF: band-pass filter; PPC: prism pair compressor;
GPC: grating pair compressor; SDM: short-pass dichroic mirror. (b) Configurations of
GPC. Diffraction gratings are manufactured with 300 lines/mm and an 8.6° blaze angle. (c)
Configurations of PPC. The prisms are made of SF10 glass and cut with a Brewster angle of
59.7° and an apex angle of 60.6°.

For studies on excitation performance, including excitation efficiency, virtual wavelength
generation, and Brainbow AAV fluorescence measurement, we used a compact fluorescence
spectrometer (EagleEye, OtO Photonics) with a 0°C internal cooling charge-coupled device
(CCD) as shown in Fig. 2. Fluorescence was collected by a long-pass dichroic mirror (LDM)
with a cut-on wavelength at 655 nm (FF655-Di01, Semrock) and reflected to the fiber collection
head of the spectrometer. A BPF (FESH0700, Thorlabs) was also added to mitigate the excitation
leakage from the fiber-supercontinuum.

For excitation efficiency comparison, we compared the single-TW-pulse-excited fluorescence
intensity and that excited by a commercial Ti:S laser (Chameleon Ultra II, Coherent). Note that
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Fig. 2. System schematic of two-photon spectroscopy. LDM: long-pass dichroic mirror
with a cut-on wavelength at 655 nm; BFP: a band-pass filter enabling 400—700 nm; Obj.: the
40x or 50x objective lens; FS: fluorescent solution.

for the use of Brainbow AAV in spectroscopy, serious signal degradation occurs when exciting a
fixed sample position and the color expression is position-dependent, making a fair comparison
impossible. Thus, we used commercially available fluorescent solutions that, to the best of our
knowledge, had the closest TPA peaks to those of TagBFP, mTFP, and EYFP, with uniform
concentration. Rhodamine 110 (Rh110) and Alexa Fluor 488 (AF488), which have TPA peaks at
800 and 950 nm, respectively [22], along with Lucifer yellow (LY), which has two local peaks at
840 and 880 nm [23], were used to study the excitation efficiency of our TW pulse. The Ti:S laser
was tuned to 810, 870, and 970 nm to excite Rh110, LY, and AF488, respectively, simulating
three excitation conditions for TagBFP, mTFP, and EYFP. When exciting Rh110 and LY, we
applied a 40x objective lens (UApo/340, Olympus, NA = 0.90) for both the TW pulse and the
Ti:S laser pulse, whereas a 50x one (LCPlanFLN, Olympus, NA = (.70) was applied for exciting
AF488 because of its higher transmission at 970 nm.

For the spectroscopy study on the virtual wavelength effect, we followed the similar approach
of Ref. [15], which compared the fluorescence intensity excited by the sum frequency of two
synchronized pulses at different time delays. We stretched the TW pulse using the grating
pair compressor when exciting Rh110, LY, and AF488 in the configuration in Fig. 2 with the
40x objective lens for experimental validation. For further numerical validation, we calculated
spectrograms at two crucial grating-induced pulse-stretching conditions, denoted as optimal
virtual wavelength (OVW) condition and negligible virtual wavelength (NVW) condition. The
OVW and NVW conditions are defined as = 0 fs time delay and > 500 fs time delay between the
812 and 960 nm peaks, respectively. For the spectroscopy study, the OVW condition corresponds
to the shortest compressed pulse width, which is 26 fs, after the 40x objective. By assuming that
the shortest pulse was acquired by compensating the group delay dispersion (GDD) to roughly
zero, we set the OVW dispersion to GDD =0 fs2 and third order dispersion (TOD) = 1,340 fs3,
with 20 fs? and 100 fs® uncertainties. The additional grating-induced dispersion of the NVW
condition can then be calculated based on the extra displacement and will be represented by
the change in GDD (AGDD) and TOD (ATOD). Spectrograms were calculated based on the
absolute values of the OVW condition and the additional modification on GDD and TOD due to
the grating pair displacement from the OVW condition.

For Brainbow AAV fluorescence measurement, we adopted the same configuration as in
Fig. 2 but with another imaging spectrometer (SR303i, Andor) with a cooled CCD at —75°C.
Fluorescence was collected and collimated by the 40X objective lens and focused by an achromatic
doublet (DLB-150-PM, SIGMAKOKI), instead of the fiber collection head, into the spectrometer
entrance slit.

TPFM is conducted using our home-built two-photon microscope [24] as shown in Fig. 3(a).
The four-wavelength excitation light excited samples through a 20x water-immersion objective
lens (XLUMPIanFl, Olympus, NA =0.95), which is also used for collecting fluorescence. The



Vol. 12, No. 8/1 August 2021/ Biomedical Optics Express 4665 |
Biomedical Optics EXPRESS A

collected fluorescence was reflected by an LDM with a cut-on wavelength at 735 nm (FF735-Di01-
50 % 50, Semrock) and separated to four different detection channels by using a series of LDMs
with cut-on wavelengths at 560 (FF560-Di01-50 x 50, Semrock), 505 (T505-Ipxr, Chroma), and
473 nm (Di03-R473-t1-50 x 50, Semrock). In front of the photo-multiplier tube (PMT) in each
detection channel, we used several spectral filters (FFO1-618/50-25, FF01-525/50-25, Semrock;
FESHO0700, FGB37-A, Thorlabs) to design the detection wavelength ranges at 437/94, 494/18,
529/48, and 618/56 nm, representing blue, cyan, yellow, and red channels, respectively, as shown
in Fig. 3(b). Two-photon imaging was conducted at room temperature (19°C) without cooling
systems for PMTs. For demonstrating simultaneous four-XFP based Brainbow AAV imaging in
TPFM, we used the four-wavelength pulses, which consisted of the compressed TW pulse of 33
fs and the 1,070 nm pulse, as a multi-spectral excitation light for the four spectrally distinct FPs.
No fluorescence signal was observed outside the labeled area. The theoretical lateral resolutions
for 812, 886, 960, and 1,070 nm obtained using the 20x objective lens were 325, 355, 385, and
429 nm, respectively [25]. The experimental lateral resolutions in the blue, cyan, yellow, and red
channels measured from the observable structure of the four-XFP-labeled sample were 374, 517,
565, and 588 nm, respectively.
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Fig. 3. (a) Schematic of the excitation and detection system in the two-photon microscope.
SL: scan lens; TL: tube lens; L: lens; LDM: long-pass dichroic mirror; LDM1: cut-on
735 nm; LDM2: cut-on 505 nm; LDM3: cut-on 560 nm; LDM4: cut-on 473 nm. Obj: the
20x objective lens; PMT: photo-multiplier tube; CG: colored-glass filter. BPF: band-pass
filter (b) Calculated spectral transmissions of the four-channel detection system. Each
spectral transmission can be represented with a central wavelength and a full width at
half maximum bandwidth. Blue curve: 437/94 nm; cyan curve: 494/18 nm: yellow curve:
529/48 nm; red curve: 618/56 nm.

For the microscopy study on the virtual wavelength effect, by again following the similar
approach of Ref. [15], we compared the image intensity of TagBFP, mTFP, and EYFP at OVW
and NVW conditions. We first adjusted the grating pair compressor to acquire the shortest 33-fs
TW pulse after the 20x objective lens, corresponding to the OVW condition, and then adjusted
the gratings to introduce AGDD and ATOD. Spectrograms were calculated in order to duplicate
the similar NVW condition as in the virtual wavelength spectroscopy study.

2.2. SPM-enabled wavelength conversion in a 6.5 mm-long HNPCF

Before determining the final excitation spectrum for TagBFP, mTFP, and EYFP, we took advantage
of the power-scaling feature of the SPM-dominated spectral broadening to optimize the energy
of the converted wavelength [26]. Starting from coupling at an 843 mW average power into a
10-mm-long HNPCF, we shifted the peak wavelength close to 810 nm, which is the TPA peak
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of TagBFP, to compensate for the low two-photon brightness of TagBFP [19,20], as shown in
Fig. 4(a). Since the power of the converted wavelength could be enhanced by shortening the
fiber [26], we further shortened the HNPCF to 8 mm to enable 1,081 mW pumping. As shown
in Fig. 4(c), a spectral power close to 810 nm was experimentally optimized by cleaving the
HNPCEF to 6.5 mm to allow 1,179 mW pumping power while maintaining the spectrum shape.
The red dashed boxes in Fig. 4 show the spectral range to be filtered by the customized BPF,
with the filtered powers corresponding to the 10, 8, and 6.5 mm HNPCF being 212, 260, and
336 mW, respectively. The average coupled 1,070 nm power of 1,179 mW (16.8 nJ) corresponded
to a coupling efficiency of approximately 65%. With the combination of the nonlinear phase
change and the high nonlinearity constant [27], another peak at 960 nm, which was close to
the 970 nm TPA peak wavelength of EYFP, was simultaneously generated together with the
shifted spectral peak at 812 nm, forming a dual-spectral-peaked pulse at the HNPCF-output. The
filtered fiber-output pulse with dual peaks at 812 and 960 nm had a 336-mW average power
(4.6-nJ), corresponding to a 28.5% blue-shift wavelength conversion efficiency. Through pulse
compression, we expect to achieve the SFG effect at the central wavelength of 886 nm, for the
excitation of mTFP via virtual excitation wavelength enhancement by temporal overlapping of
the 812 and the 960 nm within the same optical pulse. The compressed pulse after the objective
served as the TW pulse with three two-photon excitation wavelengths of 812, 886, and 960 nm.

1
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Fig. 4. Output spectra of (a) 10 mm HNPCF coupled with 843 mW, (b) 8 mm HNPCF
coupled with 1,081 mW, and (c) 6.5 mm HNPCF coupled with 1,179 mW. The filtered
spectral powers shown in the red dashed boxes acquired from the 10, 8, and 6.5 mm HNPCF
were 212, 260, and 336 mW, respectively.

In Figs. 5(a)—(d), the excitation pulse spectra and their autocorrelation traces without passing
through neither the two-photon microscope nor the compressor are shown. Due to the strong
material dispersion in the two-photon microscope system (Fig. 3(a)), further pulse compression
was performed by adjusting the distance between prisms or gratings while monitoring the intensity
autocorrelation of the light collimated by using another singlet aspheric lens (C230TMD-C,
Thorlabs) placed after the 20x objective lens. The shortest measured autocorrelation traces are
shown in Figs. 5(e) and (f), exhibiting 73 and 33 fs pulse widths for the 1,070 nm and the TW
pulses, respectively. The material dispersions of the collimating singlet can be calculated as 354
and 278 fs? at 886 and 1,070 nm, respectively. Hence, before conducting two-photon imaging
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or fluorescence measurement, the pulse compressors were slightly adjusted until the brightest
possible fluorescence was acquired to compensate for the collimating lens introduced dispersion.
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Fig. 5. Spectra of the (a) Yb:fiber laser and (b) filtered output after the 6.5 mm-long
HNPCEF. (c) and (d) show the corresponding intensity autocorrelation traces of (a) and
(b) without neither compression nor passing through the microscope system. Compressed
autocorrelation traces measured after the 20X objective lens of the microscope are shown in
(e) and (f) respectively. The autocorrelation trace widths are labeled with a deconvolution
factor and a derived pulse width. The deconvolution factor of 1.41 was applied by the
assumption of a Gaussian function.

2.3. Adeno-associated virus-mediated Brainbow processed mouse brain

For demonstrating simultaneous four-color imaging, the cortex of wild-type mice (8—12 weeks
old) were co-injected with 0.3 uL of mixed viral vectors, containing 2.6 x 10'? genome copies per
milliliter (mL) of AAV-Brainbow mTFP/mCherry (45186-AAV9, Addgene), 2.6 x 10'2 genome
copies per mL of AAV-Brainbow TagBFP/EYFP (45185-AAV9, Addgene), and 6.0 x 10"!
genome copies per mL of AAV-CAG-Cre recombinase (13775, Addgene). Injection coordinate
of the cortex was 0.7 mm posterior to the bregma, 1.0 mm lateral to the midline, and 1.2 mm
ventral to the skull surface. For the virtual wavelength study and for color calibration, 1.0 uL of
AAV-Brainbow mTFP/mCherry (1.3 x 10'3 genome copies per mL) was injected into the right
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Fig. 6. (a) Two-photon absorption spectra and (b) two-photon emission spectra of AAV-
Brainbow. Spectrum data were acquired from an online-available database and re-plotted
[20].

side of the cortex of VGAT-Cre mice (36-40 weeks old), whereas AAV-Brainbow TagBFP/EYFP
was injected into the left side at the same volume and titer. Injection coordinate of the cortex
at each side was 1.3 mm posterior, 3.0 mm lateral, and 0.5 mm ventral to the bregma. Mice
were perfused with 50 mL of 4% paraformaldehyde (PFA) 1 month after the injection. Brains
were dissected after perfusion and incubated in 4% PFA overnight in 4°C. Brains were coronally
sectioned at 80 um using vibrotome (Campden Instruments, UK) and mounted in rapid clear
(SunlJin Lab) before observation.

3. Results
3.1. Study on the two-photon excitation efficiency

We compared the single-TW-pulse-excited fluorescence intensity and that excited by a commercial
Ti:S laser (Chameleon Ultra II, Coherent). Figures 7(a)—(c) show the measured spectra excited by
the two different femtosecond sources with the same pulse energy. For Ti:S excitation, Rh110 was
excited by a 0.33 nJ, 110 fs pulse at 810 nm; LY was excited by a 0.23 nJ, 129 fs pulse at 870 nm;
and AF488 was excited by a 0.30 nJ, 102 fs pulse at 970 nm. The same TW pulse was therefore
adjusted to the equivalent pulse energy for exciting each fluorescent solution accordingly. The
measured spectra of the fluorescent solutions shown in Figs. 7(a)—(c) reveal that the fluorescence
excited by the compressed TW pulse with dual-spectral-peaks of 812 and 960 nm was stronger
than that excited by the commonly adopted femtosecond Ti:S laser source. With the same
single-pulse energy, our TW pulse exhibited 2.0, 3.3, and 1.4 times higher excitation efficiency
than the commercial Ti:S source at 810, 870, and 970 nm, respectively. This also indicates that
simultaneous three-excitation wavelength, high excitation efficiency, and lower pulse energy
(since only one pulse will be needed instead of three) can be achieved all at the same time.
Additionally, besides the spectral peaks of 812 and 960 nm, the particularly higher excitation
efficiency near 870 nm (Fig. 7(b)) can be attributed to the 812 and 960 nm SFG-enabled virtual
wavelength effect after pulse compression.

3.2.  Study on the virtual wavelength effect

To validate the virtual wavelength excitation effect observed in Fig. 7(b), we compared the
fluorescence intensities of Rh110, LY, and AF488 at different pulse-stretching conditions, as
shown in Fig. 8(a). With an extra grating displacement of 7.5 mm or greater than the case
of the fully compressed pulse, the AGDD and ATOD will be equivalent to or greater than
1697 fs* and 2470 fs? respectively and thus the temporal delay between the 812 and 960 nm
spectral components will be equivalent to or greater than 580 fs, based on the spectrogram
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Fig. 7. Two-photon single-pulse-excited fluorescence spectra of (a) Rh110 excited by the
compressed TW pulse (black line) and a 110 fs pulse (blue line) at 810 nm, both with
0.33 nJ; (b) LY excited by the compressed TW pulse (black line) and a 129 fs pulse (cyan
line) at 870 nm, both with 0.23 nJ; and (c) AF488 excited by the compressed TW pulse
(black line) and a 102 fs pulse (yellow line) at 970 nm, both with 0.30 nJ. The lower
signal-to-noise ratio of the black curve in (c) was caused by the visible light leakage from
the fiber-supercontinuum.

calculation as shown in Fig. 8(c). Without the temporal overlap of the 812 and 960 nm spectral
components, called the NVW condition, we expected no SFG virtual wavelength effect and thus
the fluorescence intensities of Rh110, LY, and AF488 decreased following the same trend as
we lengthened our broadband pulse (Fig. 8(a)). As we compressed the pulse toward the OVW
condition with only a 26-fs pulse width, 1.2-1.7 times relative fluorescence intensity enhancement
of Rh110 and AF488 can be observed, due to the compressed temporal photon density of the
812 and 960 nm spectral components, while the 2.9 times fluorescence intensity enhancement
of the LY cannot be simply explained only by the compressed temporal photon density. We
attributed the excess fluorescence intensity enhancement of the LY at the OVW condition to the
SFG virtual wavelength effect (at 886 nm) with the full temporal overlap of the 812 and 960 nm
spectral components.

Following our spectroscopic studies, we further validated the observation of SFG virtual
wavelength effect in mTFP excitation under TPFM imaging. In this microscopy study, the TW
pulse with 30 mW (0.43 nJ) was used to excite brain slices either expressing TagBFP and EYFP,
or expressing mTFP and mCherry with single Brainbow AAV injection. We acquired images
under two different pulse conditions but at a fixed imaging position and with a fixed PMT bias.
The OVW condition corresponds to the shortest 33 fs pulse width after compression with roughly
0 fs time delay between the 812 and 960 nm peaks. Compared to the OVW condition, we also
displaced the grating pairs with 7.5 mm, corresponding to approximately 580 fs temporal delay
between the two peaks following the spectrogram calculation, thus satisfying the NVW condition.
Pulses compressed and with an extra grating displacement were applied to TPFM imaging of
the TagBFP/EYFP-expressing brain region, and the mTFP/mCherry-expressing brain region, for
the fluorescence intensity comparison between TagBFP, EYFP, and mTFP. In Figs. 9 (a)—(f),
we show the acquired TPFM images from the corresponding PMT channels of TagBFP, EYFP,
mTFP under the OVW and NVW conditions. Images of the three FPs were denoised with the
same process, using a mean filter only in Fiji [28], while no frame average was applied. Through
a simple fluorescence intensity integration over the whole images, one can find that with the
compressed pulse, the TagBFP, EYFP were both enhanced 1.3-1.1 times compared to the specific
NVW condition, while a strong enhancement of 2.8 times can be found for mTFP, similar to the
spectroscopy study shown in Fig. 8. The excessive enhancement under the OVW condition once
again confirmed the contribution from the SFG virtual wavelength effect, at 886 nm, when the
812 and 960 nm spectral components were overlapped temporally.
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Fig. 8. (a) Relative fluorescence intensities (normalized to that at the NVW condition) of
RH110, LY, and AF488 excited by the TW pulse with different relative GDD (AGDD) and
TOD (ATOD) values. Corresponding spectrograms of the excitation pulses are shown in
(b) for the OVW condition and in (c) for one specific NVW condition represented in (a).
The white dashed boxes and white dotted boxes represent the temporal distributions of the
812/50 and 960/50 nm components, respectively.

3.3. Simultaneous adeno-associated virus based four-XFP Brainbow AAV imaging

The above virtual wavelength study confirmed the tri-excitation wavelengths of 812, 960, and
886 nm of the compressed TW pulse for the two-photon excitation of TagBFP, EYFP and mTFP.
Combining the 1,070 nm pulse for the two-photon excitation of mCherry, the four-excitation-
wavelength source can therefore be used to demonstrate simultaneous four-XFP based Brainbow
AAV TPFM imaging.

The 1,070 nm pulse was first applied for the two-photon excitation of the mTFP/mCherry-
expressing brain region. As shown in Fig. 10(a), our spectroscopy measurement indicated that
when enabling the 1,070 nm pulse alone, only mCherry was found fluorescing. In contrast,
when enabling the compressed TW pulse alone, not only mTFP was successfully excited, a
weak mCherry emission can also be found, as shown in Fig. 10(b). With the capability to
efficiently excite the TagBFP and EYFP, we also used the same TW pulse alone to excite the
four-XFP-labeled Brainbow AAV sample, with the expected additional appearance of the TagBFP
and EYFP fluorescence peaks as shown in Fig. 10(c). The weak TagBFP fluorescence was
attributed to its ultra-low two-photon brightness. Finally, in Fig. 10(d), with the further addition
of the 1,070 nm pulse to provide efficient two-photon excitation of mCherry, the capability of
simultaneous two-photon four-color excitation with our four-wavelength source was spectrally
validated.

In our demonstration of multi-color TPFM of the Brainbow AAV samples, the 30 mW (0.43
nJ) 33-fs TW pulse and the 20 mW (0.29 nJ) 73 fs 1,070 nm pulse, with respectively 73 pW/um?
and 49 uW/um? excitation intensities applicable for in vivo studies [4,29-32], were first applied
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Fig. 9. TPFM images acquired in the TagBFP/EYFP-expressing brain region and the the
mTFP/mCherry-expressing brain region with the TW pulse excitation under (a—c) the OVW
condition and (d—e) the NVW condition. (g—i) Image intensities integrated from the whole
image (3,814 X 4,096 pixels) and normalized to that at the NVW condition. (a), (d), (g)
correspond to the TagBFP blue channel. (b), (e), (h) correspond to the EYFP yellow channel.
(c), (f), (i) correspond to the mTFP cyan channel. Images shown were cropped to 3,462 X
2,262 pixels from the whole images. Image pixel intensities were all enhanced by two times
for the sake of clarity. Scale bar: 50 um.

for the study of the cross-excitation and cross-talk effects and for the color calibration process
in different imaging channels. In Fig. 11, we show images of the mTFP/mCherry-expressing
brain region, excited either by the 1,070 nm pulse (Fig. 11(a)) or the compressed TW pulses
(Fig. 11(b)), and the TagBFP/EYFP-expressing brain region excited by the compressed TW
pulses (Fig. 11(c)). It is noted that in Fig. 11(b), the weak mCherry fluorescence (following
Fig. 10(b)) became almost invisible in the red channel, whereas the mTFP glowed strongly with
serious spectral bleed-through into the yellow and blue channels, of which the relative magnitudes
were afterward used for color linear unmixing [33,34]. For the other two cases, the fluorescence
leakage and cross-excitation were both negligible under our system setting. Please note that the
PMT voltage in the blue channel was adjusted higher because of the weaker fluorescence.

Finally, the 33-fs TW pulse and the 73 fs 1,070 nm pulse were combined and sent to the
four-XFP-labeled, 80-um-thick mice brain slice expressing TagBFP, mTFP, EYFP, and mCherry
to enable combinatorial expression. Figures 12(a)—(f) and (g)—(1) respectively show images
with individual- and merged-color expressions at the same location but acquired at two different
depths, 20 and 34 pm, of the mice brain slice. Minimum frame average (2 frames) was applied
for image quality. Images showing mCherry (Figs. 12(a) and (g)), EYFP (Figs. 12(b) and (h)),
mTFP (Figs. 12(c) and (i)), and TagBFP (Figs. 12(d) and (j)) fluorescence contrasts were merged
to generate the four-XFP Brainbow AAV images (Figs. 12(e) and (k)) acquired through our
simultaneous excitation scheme. Linear unmixing was applied. Overall, our results confirmed
the feasibility of efficient simultaneous four-color imaging in TPFM using our single-laser-based,
fiber-format, four-wavelength excitation source.
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Fig. 10. Measured fluorescence spectra (black solid lines) from (a, b) the mTFP/mCherry-
expressing brain region and (c, d) the four-XFP-labeled brain slice. (a) was excited by the
1,070 nm pulse. (b) and (c) were excited by the compressed TW pulse. (d) was excited by
the combined 1,070 nm pulse and the compressed TW pulse. The dashed lines with different
colors show the reference emission spectra of each FP: red (mCherry), yellow (EYFP), cyan
(mTFP), and blue (TagBFP).
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Fig. 11. Two-photon fluorescence images of (a) the mTFP/mCherry-expressing brain region
excited by the 1,070 nm pulse, (b) the mTFP/mCherry-expressing brain region excited by the
33-fs TW pulse, and (c) the TagBFP/EYFP-expressing brain region excited by the 33-fs TW
pulse. The detected fluorescence images from each individual channel, red (618/56 nm),
yellow (529/48 nm), cyan (494/18 nm), and blue (437/94 nm), were shown from top to
bottom. The pixels intensities of all images were enhanced by three times for the sake of

clarity. The left side of the figure shows the corresponding detected wavelength and adopted
pseudo color. Image size: 1,937 x 2,048 pixels. Scale bar: 50 um.
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Fig. 12. Unmixed two-photon fluorescence images of the four-XFP Brainbow AAV labeled
cortex of the mice brain slice at a depth of (a)—(f) 20 um and (g)-(1) 34 um. Unmixed
single-color images expressing mCherry, EYFP, mTFP, and TagBFP are shown in (a)/(g),
(b)/(h), (c)/(i), and (d)/(j), respectively. (e) and (k) shows the four-color-mixed images with
(f) and (1) showing the enlarged images of the white-box areas. The image size of (a)—(e)
and (g)—(k) is 5,131 x 5,500 pixels. The image size of the enlarged areas in (f) and (1) is
4,680 x 1,464 pixels. Scale bar: 50 wm.
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4. Discussion

4.1. Wavelength conversion efficiency in an optical fiber

In this work, we managed to acquire a blue-shifted and dual-spectral-peaked ultrashort pulse
through efficient SPM (28.5%). Other blue-shifting approaches in fibers include CR generation,
doubling the frequency from red-shifted SSFS, or SPM operated in the normal dispersion region.
Frequency doubling from the SSFS pulse using a nonlinear crystal is a two-stage conversion
process. Thus, this approach exhibits a lower wavelength conversion efficiency (<15%) and
is only recommended with a powerful source [16,35,36]. CR has been widely studied and
adopted because of its high conversion efficiency (up to 65%) when the phase-matching condition
is satisfied [37,38]. However, CR generation often exhibits a trade-off between wavelength
conversion efficiency and blue-shifted spectral bandwidth [39]. For example, most demonstrated
cases of highly efficient CR generation (>25%) have featured a narrow bandwidth (<75 nm)
with a single spectral peak [17,40—45], which is not suitable for providing three excitation
wavelengths in one pulse. At the same time, a few reports with broad spectral coverage (full
width at half-maximum (FWHM) > 100 nm) that could potentially achieve virtual wavelength
generation through single-pulse compression exhibited low conversion efficiencies (<10%) [46].
SPM operated in the normal dispersion region of a fiber has been studied and implemented
because it provides energy scalability without introducing complex soliton dynamics [47—49].
Typically, aside from those fully using the broadened spectrum [50,51], the wavelength conversion
efficiency of the blue-shift spectrum lies between 7% and 15%), depending on the filtered spectral
range [26,52-54].

Nonetheless, SPM-dominated spectral broadening operated in an anomalous dispersion region,
as implemented in this work, has been reported to provide a higher wavelength conversion
efficiency than that in the normal dispersion region [21]. Additionally, it is noted that when the
applied fiber length (Lgper) is longer than the soliton fission length (Lggs), the temporal fission of
a soliton might lead to more piecemeal spectral lobes and therefore reduce the spectral energy
density. Thus, one is expected to acquire an improved wavelength conversion efficiency when
using a fiber with its length shorter than Lgg. We can estimate Lgg based on the following [55]:

Liiss ~ to(|B2lyPp) ™07, (1

where f3, is the group velocity dispersion (GVD) and fy is the pump pulse duration estimated
from the FWHM pulse width trwun(to = trwrm/1.665 for a Gaussian pulse); Y= wona /(cAqp) is
the nonlinear coefficient calculated from the nonlinear refractive index n, and effective mode area
A.p of the fiber at central angular frequency wg [56] with ¢ representing the speed of light, and
Py, is the input peak power. In this work, we acquired a 28.5% wavelength conversion efficiency
by cleaving the HNPCF (Lgper = 6.5 mm) shorter than our Lggs = 7.3 mm. The short Lggg is
resulted from a high input peak power and an ultrashort #y due to the requirement of a dual-peaked
spectrum generated from a sufficient nonlinear phase change. As summaried in Table 1, a
previous report achieved 14% wavelength conversion efficiency by applying a 9.0-cm-long fiber,
longer than its Lggs = 7.1 cm [57], whereas another report achieved an improved wavelengh
conversion efficiency of 31% by applying a 8.0-cm-long fiber, which is much shorter than its
Lgss = 47.3 cm. Noted that the higher wavelength conversion efficiency in Ref. [58] might also
be attributed to its lower energy shift (AE) compared with ours.

4.2. Other approaches for simultaneous excitation of four or more colors

In this work, we proposed and demonstrated a simple and efficient four-wavelength excitation
approach to provide simultaneous excitation of four spectrally distinct FPs spanning the full
visible range. Table 1 shows a comparison between the approach used here and previous
three-excitation-wavelength approaches, including the multi-laser-based and the fiber-based ones,
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Table 1. Comparison of wavelength conversion efficiency when operated in
the anomalous dispersion region.?

Efficiency | Lgper (mm) | Lggs (mm) | AE (eV/photon)
Our work 28.5% 6.5 7.3 0.37
Ref. [57] 14%“ 90 714 0.19¢
Ref. [58] 31%“ 80 4734 0.17¢

“Wavelength conversion efficiencies of Ref. [57] and [58] were calculated based on their
provided average power or pulse energy. Soliton fission lengths of Ref. [57] and [58] were
calculated based on their provided parameters of trwmm, P2, v, and P, derived from the given
pulse energy. The y of Ref. [57] and the ; of Ref. [58] could be found in their previous
reports [21,59]. The values of AE were calculated from their given source wavelengths and
the blue-shifted wavelengths.

for different combinations of fluorescent tags. As shown in Table 2, three excitation wavelengths
work efficiently when using only three fluorophores [3], whereas limitations become observable
when implementing simultaneous four-color imaging. In one previous study, a compromise
was made to use 1,100 nm light to excite tdTomato and mCherry, with their TPA peaks being
at 1,050 and 1,080 nm, respectively [15]. Lower excitation efficiency in five- and six-color
applications thus became unavoidable, for example, some fluorophores were excited with over
50 nm mismatching from optimal excitation [18]. By contrast, the greater number of excitation
wavelengths provided in the present work allows for efficient excitation within 15 nm mismatch
from the optimal TPA wavelength and with improved excitation efficiency due to the ultrashort
excitation pulse width. With the increased number of excitation wavelengths, the demonstrated
fiber-format excitation source can be further applied to additional fluorophores. For future work,
it is also possible to include the red-shifted part of the fiber output to provide more excitation
wavelengths in the wavelength range longer than 1,100 nm.

Table 2. Comparison with three-wavelength approaches for excitation wavelength matching.

Approach #of Ex. A Ex. A (nm) Fluorophores TPA peaks of
fluorophores (nm) Ref.
Our work 4 812, 886, 960, TagBFP, mTFP, 810, 870, 970,
1,070 EYFP, mCherry 1,080
Fiber-based wavelength 864, 950, 775 TagCFP, TagYFP, 864, 950, 775 [16]
conversion TagRFP
750, 1,030, DAPI, AF488, 720, 950, 1,180 [17]
3 1,230 AF594
850, 959’ mTurquoiseZ, 860, 950, 1,050 [3]
1.100 mEYFP, tdTomato
Wavelength- ’
mixing CFP, mEYFP, 860, 950, 1,050, [15]
tdTomato, 1,080
mCherry
850, 1,005, CFP, eGFP, 860, 930, 950,
1,230 mOrange2, 1,115, 1,110 [18,20]
mKate2, eqFP670
Hoechst, eGFP, 800, 930, 1,120,
K-Orange, 1,080, 1,210, 1,260
CMTPX Red,
AF647, Atto 680
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5. Conclusion

In summary, we developed a single-laser-based, four-wavelength excitation source for simul-
taneously and efficiently multi-color TPFM imaging. Driven by a sub-100 fs Yb:fiber laser
at 1,070 nm, we created a fiber-output spectrum dual-peaked at 812 and 960 nm with a 28.5%
blue-shifting efficiency through SPM in a HNPCF in the weak negative dispersion region, with
a fiber length shorter than the soliton fission length. By compressing the dual-spectral-peaked
pulse to 33 fs in the focus of the TPFM, we overlapped the two peaks temporally to generate
a third virtual two-photon excitation wavelength at 886 nm through SFG. Consequently, four
excitation wavelengths provided by the combined TW pulse and the Yb:fiber laser pulse enabled
simultaneous and efficient four-color excitation in Brainbow AAV-labeled brain samples for the
first time in two-photon fluorescence microscopy. The reported fiber-format four-wavelength
excitation source with the strategy of using fiber-enabled SPM combining with the SFG virtual
wavelength effect represents a versatile tool providing efficient and compact multi-wavelength
excitation for multicolor multi-contrast femtosecond imaging applications in biomedical research,
with a cost-effective design.
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